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Summary Neurovascular coupling (NVC), analysed by a control system approach, was shown
to be unaffected by orthostatic challenge, but data is lacking regarding the mechanism of this
interplay and the behaviour of other cerebrovascular reactivity parameters. We investigated
the changes in different pressure—velocity models during functional transcranial Doppler (TCD),
under different orthostatic conditions.
Thirteen healthy volunteers performed a reading test stimulation task in sitting, supine and
head-up tilt (HUT) positions. CBF velocity was monitored with TCD in the posterior cerebral
artery, and blood pressure was monitored with Finapres. Cerebrovascular resistance index
(CVRi) was compared to a two-parameter model including resistance-area product (RAP) and
critical closing pressure (CrCP), in the maximal and in the stable phases of ﬂow response to
visual stimulation.pressure All cerebrovascular resistance parameters decreased with visual stimulation but the mag-
nitude of their variation in each orthostatic condition was not similar. From supine to HUT,
CrCP variation decreased (both maximal and stable phase p = 0.001). CVRi variation increased
from sitting to HUT positions (maximal p = 0.039; stable phase p = 0.033). RAP variation to
visual stimulation did not change between the three positions (maximal p = 0.077; stable phase
p = 0.188).
Abbreviations: NVC, neurovascular coupling; ABP, arterial blood pressure; TCD, transcranial Doppler; CBF, cerebral blood ﬂow; BFV, blood
ow velocity; MCA, middle cerebral artery; PCA, posterior cerebral artery; HR., heart rate; CVRi, cerebrovascular resistance index; CrCP,
ritical closing pressure; RAP, resistance-area product.
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A 2-parameter model of vascular resistance provided better discrimination for the effects of
posture on NVC as shown by the adaptive changes in CrCP with orthostatic challenge, in compar-
ison with the classical use of CVRi. These ﬁndings suggest that although NVC seemed unaffected
by orthostatic challenge, more complex vasoregulative mechanisms are activated in different
ould potentially be of diagnostic or prognostic value.
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Introduction
The brain has the capability of maintaining continuous
vascular supply of oxygen and glucose to support active
neuronal populations [1—3]. Neurovascular coupling (NVC)
matches cerebral blood ﬂow (CBF) to different cortical areas
metabolic demand [1,2]. Another physiological mecha-
nism, cerebral autoregulation, maintains CBF stable against
changes in cerebral perfusion pressure and thus changes in
arterial blood pressure (ABP) [4,5].
The NVC is studied with different techniques such as MRI,
PET, SPECT and transcranial Doppler (TCD). Due to technical
reasons the postural condition of the patients varies with
these approaches. A recent focus on a disturbed NVC has
been outlined in stroke [6], Alzheimer [7], and autonomic
failure [8] diseases. For these reasons, a better understand-
ing of NVC mechanism in different orthostatic conditions can
have an impact both in scientiﬁc and clinical grounds.
There have been remarkable developments in the two
last decades about our understanding of the underlying neu-
rogenic, myogenic and metabolic components driving NVC
[9,10]. Neurons, as well as astrocytes, seem to play an
important role in focal CBF activation leading to upstream
vasodilation from the microvasculature through pial arter-
ies supplying focal activated area [11—13]. Probably, the
same resistance vessels play an important role in the cere-
bral autoregulation [14], so that the vascular tonus of the
cortical arterioles might be adjusted in accordance to the
needs of both the cerebral autoregulation as well as the NVC.
A previous study [15] has shown that activity-induced ﬂow
velocity responses under different orthostatic conditions can
be compared with each other, but the mechanisms that keep
NVC unaffected under orthostatic stress remained obscure.
To further investigate this issue, we studied the behaviour
of systemic and cerebral pressure—velocity parameters
during functional TCD (fTCD) monitoring, under different
orthostatic conditions, by extending the classical repre-
sentation of cerebrovascular resistance to a more realistic
2-parameter model [21—23].
Materials and methods
Subjects
This study was performed in Hospital São João, a 1200-bed
university hospital in Oporto. The local institutional ethi-
cal committee approved the study. After information and
instruction each volunteer gave informed consent to partic-
ipate in the study.
Open Thirteen young adult volunteers (8 male) with mean± SD
age 26.4± 8.7 years (range 18—48 years), were included.
These subjects lacked classical cardiovascular risk factors
and did not take any medication, except for birth control
A
n
tills. They abstained from caffeine more than 12 h before
he tests. Previously to the study, the volunteers performed
cervical and transcranial duplex scan, with a HDI 5000
evice (Philips, USA). Normal ﬁndings and a good tempo-
al acoustic bone window to ensure a good acquisition of
elocity curves during the whole test were required as an
nclusion criterion.
easurements
he study was carried out in a quiet room with a con-
tant temperature of approximately 22 ◦C. Systolic, mean
nd diastolic blood pressure and heart rate were monitored
ith a non-invasive ﬁnger cuff Finapres device (model 2300;
hmeda, Englewood, CO, USA) holding the ﬁnger at heart
evel. A hand support was used to allow a constant posi-
ion throughout the tests in the three different postural
onditions [15,16].
For insonation through the temporal transcranial ultra-
onic bone window, 2MHz pulsed wave Doppler monitoring
robes of a Multidop T2 Doppler device (DWL, Singen,
ermany) were mounted on an individually ﬁtted head-
and, to record ﬂow velocity in the P2 segment of the
eft posterior cerebral artery (PCA), and the M1 segment
f the right middle cerebral artery (MCA), as described else-
here [15,17,18]. Beat-to-beat peak systolic, mean and end
iastolic blood ﬂow velocities (BFV), ABP, calculated heart
ate (HR) and stimulus marker were digitally recorded in
he Doppler device. Recordings were considered acceptable
hen the blood ﬂow velocities could be detected bilater-
lly, with a clear envelope of the velocity spectrum during
he entire cardiac cycle.
isual-evoked paradigm
he visual-evoked paradigm consisted of 10 cycles, each
ith a resting phase of 20 s with closed eyes and a stim-
lating phase of 40 s of silent reading text columns. The
ext that the study subjects read was the same for all par-
icipants and free of strong emotional content. Changes
etween phases were signalled acoustically using a tone.
he complete test cycle had a total duration of 10min,
nd was repeated in each position — supine, sitting and 70◦
ead-up tilt (HUT). The reading test and its reliability have
een already validated against a checkerboard stimulation
aradigm [19].
 under CC BY-NC-ND license.ll signals were visually inspected to identify artifacts or
oise, and narrow spikes were removed by linear interpola-
ion. The heart—MCA distance was used to obtain estimates
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f ABP in the MCA (ABP-MCA). Cerebrovascular resistance
ndex (CVRi) was estimated by the ratio of mean ABP to
ean BFV for each heartbeat. For both PCA and MCA, the
nstantaneous relationship between ABP and BFV was also
sed to estimate the critical closing pressure (CrCP) of the
erebral circulation, by extrapolation of the linear regres-
ion BFV = a×ABP +b, as previously described [20—22]. The
nverse of the linear regression slope was also obtained for
ach cardiac cycle, and it is referred to as ‘‘resistance area
roduct’’ (RAP = 1/a) to differentiate it from CVRi [22,23].
he CrCP can be obtained from the value of ABP where
FV = 0, that is, CrCP =−b/a.
All beat-to-beat estimates were interpolated with a
hird-order polynomial and resampled at 0.2-s intervals to
enerate a time series with a uniform time base.
To become independent from the insonation angle, all
arameters were normalized by the averaged value of the
s period prior to activation [8,15,17,19]. Ten cycles of 20 s
est (closed eyes) and 40 s stimulation (silent reading) were
veraged for each volunteer at each position.
For each parameter, two different variables were calcu-
ated from the evoked CBF in response to visual task: (1)
he maximal velocity variation during the 40 s of stimula-
ion and (2) the averaged last 20 s corresponding to a stable
hase of ﬂow evoked response. The ﬁrst one corresponds
o the classical overshoot phase used in other fTCD inves-
igations [24—29]; the second was included since it seems
o be the most stable phase during activation, after the ini-
ial overshooting, and allows some comparison with the gain
arameter of a second order analysis [14,15,19].
tatistics
ata were expressed as mean± standard deviation (SD).
ormal distribution of all variables was conﬁrmed by
hapiro—Wilk test and homogeneity of the variances was
ssured by Levene’s test.
Repeated-measures ANOVA with lower-bound adjust-
ents for degrees of freedom were applied to compare
bsolute and relative data in the three positions — supine,
itting and HUT. Simple contrasts were applied to compare
ach two different positions in case of statistical signiﬁ-
ance, which was assumed for p < 0.05.
esults
able 1 shows absolute resting values and relative maximal
nd stable phase (last 20 s) variations to visual stimulation
f HR, mean ABP, mean BFV, CVRi, CrCP, and RAP, for PCA
nd MCA, in supine, sitting and HUT conditions.
Regarding only resting values, repeated-measures ANOVA
howed a step increase in HR from supine to HUT posi-
ions (p = 0.0001), and of mean ABP from supine to sitting
p = 0.0004), then stabilizing. There was a step decrease in
ean BFV of MCA from supine to HUT conditions (p = 0.0004)
ut for the PCA it seemed to remain constant (p = 0.054)
n all positions. Concerning resting data of cerebrovas-
ular resistance models, RAP did not change between
ifferent positions, while CVRi and CrCP resting values
rogressively increased from supine to HUT conditions, in
oth MCA (p = 0.00001 and p = 0.0002, respectively) and
p
A
n
oP. Castro et al.
CA (p = 0.0002 and p = 0.00005, respectively), although not
eaching statistical signiﬁcance between sitting and HUT in
he case of CVRi of PCA (p = 0.053).
The variation of the parameters with visual stimula-
ion can be visualized in Fig. 1A—F. Mean BFV in the PCA,
ad similar responses to visual stimulation in all positions
Fig. 1A, maximal p = 0.076; stable phase p = 0.176). All cere-
rovascular resistance parameters decreased with visual
timulation in the three positions, but showed different pat-
erns in response to orthostatic challenge: variation of CrCP
iminished progressively between supine and HUT (maxi-
al and stable phase p = 0.001); CVRi decreased slightly
ut signiﬁcantly more from sitting to HUT positions (max-
mal p = 0.036; stable phase p = 0.033). RAP seemed to
ave decreased more in HUT conditions but there was
o statistical signiﬁcance (maximal p = 0.077; stable phase
= 0.188).
Although the MCA territory was used as a control, being
heoretically a non-stimulated territory, it registered, sim-
larly across all conditions, a small amplitude increment in
ean BFV (5—10%), as well as a decrement of CVRi (6—9%),
AP (9—11%) and CrCP (11—17%) at maximal evoked ﬂow
hase, which then tended to decrease in the stable phase.
or the MCA signiﬁcant changes were only observed for BFV
n maximal (p = 0.035) and CVRi in maximal (p = 0.029) and
table phases (p = 0.043).
Regarding systemic hemodynamic data, the changes of
BP and HR with stimulation ranged no more than 4%,
ith no signiﬁcant differences between positions, except
or maximal increment of ABP which was inferior during HUT
ompared to supine condition (p = 0.045).
iscussion
ain ﬁndings
e conﬁrmed previous ﬁndings showing that the BFV
esponse to a reading paradigm was not altered by different
rthostatic challenges [15], but have also demonstrated that
he sensitivity of NVC to orthostasis is in fact manifested
y regulatory mechanisms inﬂuencing the instantaneous
ressure—velocity relationship.
Speciﬁcally, variation of CrCP following visual stimula-
ion was progressively reduced, more than a half, during
rthostatic challenge. Opposed to this pattern, RAP and
VRi seemed to decrease slightly more during HUT. From the
hanges in CVRi, one would assume that despite rising base-
ine resting values with seating and HUT, the correspondingly
arger decreases with orthostasis during NVC activation
Table 1) would simply reﬂect arteriolar vasodilation to
atch the increased demand for O2. The problems with the
ingle-parameter model of CVR are two-fold. First, it has
een demonstrated that instantaneous pressure—velocity
elationships of the cerebral circulation do not tend to inter-
ept the pressure axis at the origin [20,22]. Second, CVRi
annot explain the complexities of the interplay between
VC and dynamic cerebral autoregulation [32]. This com-
lexity can be appreciated by the changes in CrCP and RAP.
lthough the temporal response of RAP (Fig. 1) was not sig-
iﬁcantly different for the three body positions considered,
verall it tends to reﬂect the myogenic response of dynamic
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Table 1 Absolute resting values and relative maximal and stable phase (last 20 s) variations to visual stimulation of HR, mean
ABP, mean BFV, CVRi, CrCP, and RAP, for PCA and MCA, in supine, sitting and HUT conditions.
Supine Sitting Tilt ANOVA p¶
HR
Resting (bpm) 68.7 ± 9.4 76.3 ± 11.9* 86.3 ± 9.0*,† 0.0001
Maximal vel. phase (%) 4.4 ± 3.3 2.9 ± 3.2 2.8 ± 2.0 0.279
Resting (mmHg) 0.7 ± 2.6 0.2 ± 3.6 −1.4 ± 2.6 0.067
Mean ABP
Stable phase (%) 73.2 ± 11.7 89.8 ± 9.3* 93.8 ± 9.7* 0.0004
Maximal vel. phase (%) 3.2 ± 2.0 2.1 ± 1.2 1.4 ± 1.2* 0.045
Stable phase (%) −0.2 ± 1.6 −0.5 ± 1.6 −1.1 ± 2.0 0.223
MCA
Mean BFV
Resting (mmHg cm−1 s−2) 60.4 ± 12.4 56.0 ± 10.6* 52.1 ± 10.1*,† 0.0004
Maximal vel. phase (%) 5.5 ± 1.7 7.0 ± 2.5 9.5 ± 4.2* 0.035
Stable phase (%) 1.2 ± 3.1 2.1 ± 2.7 4.7 ± 3.8 0.011
CVRi
Resting (mmHg cm−1 s−2) 1.3 ± 0.4 1.6 ± 0.2* 1.9 ± 0.3*,† 0.00002
Maximal vel. phase (%) −6.2 ± 2.7 −6.0 ± 1.7 −9.3 ± 3.7*,† 0.029
Stable phase (%) −1.9 ± 4.4 −3.0 ± 1.8 −6.0 ± 3.8*,† 0.043
RAP
Resting (mmHg cm−1 s−2) 0.8 ± 0.2 0.9 ± 0.2 0.8 ± 0.1 0.338
Maximal vel. phase (%) −11.2 ± 8.0 −8.8 ± 5.4 −11.0 ± 4.2 0.567
Stable phase (%) −2.5 ± 5.4 −1.5 ± 3.5 −1.5 ± 3.3 0.773
CrCP
Resting (mmHg) 26.5 ± 13.9 42.4 ± 9.0* 51.5 ± 9.1*,† 0.0004
Maximal vel. phase (%) −17.3 ± 12.3 −11.2 ± 6.6 −11.0 ± 5.6 0.061
Stable phase (%) 0.5 ± 6.5 −1.7 ± 4.9 −4.7 ± 3.6 0.070
PCA
Mean BFV
Resting (mmHg cm−1 s−2) 36.7 ± 6.8 33.6 ± 6.7 33.0 ± 5.8 0.054
Maximal vel. phase (%) −32.0 ± 6.4 −33.9 ± 9.5 −37.7 ± 8.1 0.076
Stable phase (%) −23.4 ± 5.6 −24.2 ± 7.6 −26.4 ± 6.8 0.176
CVRi
Resting (mmHg cm−1 s−2) 2.1 ± 0.6 2.8 ± 0.6* 2.9 ± 0.6* 0.00006
Maximal vel. phase (%) −25.0 ± 4.5 −25.2 ± 4.9 −27.6 ± 3.7*,† 0.039
Stable phase (%) −21.5 ± 5.1 −22.4 ± 4.8 −24.9 ± 4.4*,† 0.033
RAP
Resting (mmHg cm−1 s−2) 1.2 ± 0.3 1.3 ± 0.3 1.2 ± 0.2 0.077
Maximal vel. phase (%) −15.6 ± 5.6 −14.7 ± 4.9 −19.9 ± 6.1 0.077
Stable phase (%) −9.4 ± 5.4 −6.4 ± 6.1 −11.4 ± 8.3 0.188
CrCP
Resting (mmHg) 29.3 ± 9.9 46.6 ± 7.0* 56.5 ± 9.4*,† 0.00002
Maximal vel. phase (%) −44.1 ± 19.9 −27.2 ± 12.8* −18.9 ± 6.3*,† 0.001
Stable phase (%) −27.2 ± 12.2 −17.9 ± 10.0* −11.7 ± 5.1*,† 0.001
Heart rate (HR), arterial blood pressure (ABP), middle cerebral artery (MCA), posterior cerebral artery (PCA), cerebral blood ﬂow velocity
(BFV), cerebrovascular resistance index (CVRi), resistance area product (RAP), critical closing pressure (CrCP). Resting and activation
values are presented in mean± SD and normalized percentual variation, respectively.
¶ Repeated-measures ANOVA p test comparing three positions.
* ion.
g and
r
a
tRepeated-measures ANOVA p < 0.05 for contrast to supine posit
† Repeated-measures ANOVA p < 0.05 for contrast between sittin
autoregulation, mainly as a compensation for the drop in
ABP following neural stimulation (Fig. 1E). It is likely that
some of its change also contributed to the rise in CBV dur-
ing the response (Fig. 1A). On the other hand, it can be
speculated that the changes in CrCP are mainly reﬂecting
the action of metabolic mechanisms [22,33]. If this is the
case, then it is not possible to say that the NVC response to
s
m
nhead-up tilt position.
eading is entirely indifferent to orthostasis, since reading
nd HUT seem to require less metabolic-coupled changes
han responses in the supine position.Some studies have shown signiﬁcant [30,35—37] or no
tatistically signiﬁcant [38] increases in ABP and HR during
ental activation. Moody et al. [30] analysed the hemody-
amic changes of cerebral and systemic responses, putting
294 P. Castro et al.
Figure 1 Group averaged normalized mean BFV (A), CVRi (B), RAP(C) and CrCP (D) of PCA [and mean BFV of MCA as a control (A)]
and mean ABP (E) and HR (F) changes before and during 40 s of reading task (gray bar at bottom) in supine (continuous line), sitting
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tdashed line) and tilt (dotted line) positions. For clarity, only th
f resting phase not shown only for graphical proposal.)
nto evidence an initial ABP peak, ∼5 s after MCA corti-
al activation, that would drive an early-phase cerebral
asoconstriction reﬂected in increased CVRi and RAP, fol-
owed by metabolic vasodilatation. Our results showed
on-signiﬁcant changes in HR and ABP responses. A watchful
ye through the curves of ABP in Fig. 1E might iden-
ify an initial ABP peak at ∼5 s only at sitting condition.
lso, the previously described possible initial ‘vasoconstric-
ion response’ [30] could not be demonstrated. With the
ame as ours activation paradigm, Rosengarten et al. [37]
ound no relevance of HR effects in regulative features
f the activity—ﬂow coupling during reading task. A possi-
le explanation to discrepant ﬁndings between the studies
an be a less demanding visual paradigm related to the
CA territory as compared to MCA-activation paradigm, ren-
ering a less pronounced systemic/sympathetic response.
n the other hand, even in a PCA evoked ﬂow paradigm
small activation can sometimes be measured in the
CA territory, as in our study, which might reﬂect some
ctivation of cortical areas, probably related to visual pro-
essing.
f
a
s
trgest± SE is represented at the point of occurrence. (First 10 s
imitations of the study
O2, a major determinant of cerebrovascular tone
31,33,34], was not evaluated, and could have inﬂuenced
ur results. However, we can speculate that relative
ypocapnia in orthostasis [34], namely during HUT, and
n assumed inverse relationship between CO2 and CrCP
22], would cause absolute CrCP to increase from supine
o HUT conditions and also would prevent a substan-
ial decrease with cortical activation in HUT. Also, it is
nown that induced hypocapnia impairs NVC with a simi-
ar experimental protocol [29]. Given that these changes
ere not observed in our study, it is more likely that
aCO2 remained relatively constant during the orthostatic
hallenges. The importance of CO2 changes during mental
ctivation was studied previously in a MCA-based pro-
ocol which analysed also CrCP—RAP variations [30] and
ound signiﬁcant changes of CO2 interacting with cerebral
nd systemic hemodynamic parameters. Nevertheless, the
tudy by Moody et al. [35] adopted cognitive paradigms
hat can be much more stressful than plain reading and
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[Neurovascular coupling
hence might have caused signiﬁcantly greater hyperventi-
lation.
Conclusions
Taken together, we conclude that NVC has different
pressure-autoregulatory adaptation mechanisms with ortho-
static challenge, in spite of preserved cerebral evoked ﬂow
responses.
Analysis of the NVC response to reading based solely
on the inspection of the BFV amplitude response gives the
false impression of a lack of effect of orthostatic chal-
lenges. In reality, by looking separately at changes in RAP
and CrCP, it is possible to appreciate the complex interplay
of these responses at different levels of orthostatic chal-
lenge. Further work is needed to assess the response of
these mechanisms in different cerebrovascular conditions
and their potential diagnostic and prognostic value.
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